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DESCRIPTION OF AN ANALOG COMPUTER APPROACH
TO V/STOL SIMULATION EMPLOYING A
VARTABLE-STABILITY HELICOPTER

By John F. Garren, Jr., and James R. Kelly
SUMMARY

In order to provide means for accurate in-flight simulation of V/STOL air-
craft, a computer model technique has been adapted to a variable-stability heli-
copter. Unlike the stability-derivative simulation technique, which is usually
employed in variable-stability aircraft, the model approach produces a response
which is independent of the dynamics of the test vehicle. The aircraft response,
therefore, is a function only of the evaluation pilot's control inputs and the
dynamics which are programed into the analog computing equipment.

In-flight time histories of the helicopter response and the corresponding
commanded response are presented to illustrate the effectiveness of the technique.
The results indicate that the model technique does, in fact, provide a feasible,
accurate, and flexible approach to in-flight simulation.

INTRODUCTION

Utilization of the full potential of V/STOL aircraft for IFR operation is
not currently possible. The restriction is due in part to a lack of applicable
handting-qualities criteria. A useful tool for establishing criteria is an air-
borne simulator which is capable of providing both a realistic environment and an
accurate reproduction of various aircraft dynamics.

As a means of achieving a realistic environment for handling-qualities inves-
tigations, the National Aeronautics and Space Administration has modified a modern
twin turbine helicopter, which was supplied by the U.S. Army, to provide variable-
stability characteristics. The accurate reproduction of aircraft dynamics is
achieved through use of the so-called model simulation technique, which has been
indicated to be feasible for airborne simulator application by a theoretical study
presented in reference 1. Unlike the stability-derivative simulation technique,
which is usually employed in variable-stability aircraft, the model technique pro-
duces a response which is independent of the dynamics of the test vehicle itself.
The aircraft motion, therefore, is a function only of the pilot's control inputs
and the dynamics which are programed into the analog computing eguipment.



The purpose of this paper is to present a description of the computer model
technique of simulation used by NASA in a variable-stability helicopter. Limita-
tions of this technique encountered under operating conditions are discussed.
Aircraft response time histories are presented to illustrate the effectiveness
of the model technique. A general description of the entire variable-stability

system is also included.

DESCRIPTION OF EQUIPMENT

Helicopter

The variable-stability helicopter, shown in figure 1, is powered by twin
turbine engines. The "dead man's region" of the height-velocity diagram normally
associated with single-engine helicopters is not a limiting factor with this
vehicle, thus permitting operation at all altitude and airspeed combinations.

The present operating gross weight is 13,000 pounds compared with the maximum
gross weight of 15,500 pounds. Therefore, the further addition of other research
equipment poses no weight problem. The aircraft's physical characteristics are

given in table TI.

Figure l.- Variable-stability helicopter. L~63-8406
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TABLE I.- PHYSICAL CHARACTERISTICS OF TEST HELICOPTER

Design gross weight, 1D « « « ¢« o « « o = o o o o o o« o o o o = « « « « . 15,500
Operating gross weight, 1D . « + o ¢« o ¢ o o =« « o o o = & = o « « « . o 13,000
Moments of inertia:
Pitch, SIUG-TEZ + « v o o o s o o o o o o o o s o v s o o v o o o o . 5,000
ROLL, SIUE~TE2 © v v v 4 o o o o o o o o o v o o ot o o v o o 0 o o« 9,20
Yow, SIUE-Tt2 v v v o o o o 4 o o+ e e 4 e e e e e e e e e e e e . . . T1,000
Number of blades pPer TOLOT .+ ¢ +» « o o s & o o o o o s o o o o o o s o o 3
Rotor rotational speed, TPM .« « o« « o o « = o o o o o = o o = &« o o o o o 268

Mechanical control travel:

Longitudinal, in. e e e e e e e e 8 5 6 a s & o s 4 & e o s 4 o o o 5.5
Lateral, ifle & + o o 4 o 4 4 e 4 e e e e e e e e e e e e e e e e e e 3.6
Pedal, in. e e e e e e e e e e e e e e e e e e e e e e e e e e e 2.3
Collective pitch, in. e e e e e e e e e e e e e e e e e e e e e e 12.8
Electric control travel:
Longitudinal, iml.  « v + o « o o 4 4 4 e e e e e e e e e e e e e e 6.1
Lateral, iN. « ¢ v o v o 4 4 e e e e e e e e e e e e e e e e e e e e 6.7
Pedal, IN. v & o o o o o o o o o 0 4 4 e e e e e e e e e e e e 2.6
Collective, Ine v & 4 v 4 o o o o o o 4 e e e e e e e e e .. 13.8
Control power (hovering):
Pitch, Ft-1b/iN. =« « o o o « « o o o o o o o o o o o o o 0 0. . . . . 23,000
Roll, ft-1b/in. O 1 010
Yaw, £E-10/in. « o o ¢ o o 4 4 4 4 s e e e e e e e e e e e e e e ... T,800
Unaugmented damping:
Pitch, ft-1b/rad/S€C . « ¢ ¢ ¢ & & « + 4 4 4 e 4 e 4 e e e o . . . . 38,000
ROLL, ft-1b/rad/sec . « « & o ¢ o & v o v o o o o e e e e o e 0w 0 - . T,000
Yaw, ft-1b/rad/sec . . . ¢ ¢ 4 4 u e e e e e e e e e e e e e e e e ~0

Aircraft control moments are produced in the following manner. Fore and aft
motion of the center stick produces pitching moments by differential collective
pitch on the front and rear rotor. Rolling moments are achieved by lateral motion
of the center stick which produces lateral cyclic pitch on both rotors. Differ-~
ential lateral cyclic pitch on the two rotors in response to pedal inputs produces
yawing moments.

The cockpit arrangement shown in figure 2 is standard except for relocation
of some instrumentation which was necessitated by the installation of special
electronic and navigation equipment. The controls - pitch, roll, yaw, and col-
lective pitch ~ on the right-hand side of the cockpit were modified to a "fly-by-
wire" system. ZElectrical outputs from these controls command the model aircraft
response which is programed into analog computing equipment. When it is desired
to operate without computers, the electrical outputs from the controls and from
motion sensors may be fed directly into the electrical input servo system to drive
the control surfaces. The left-hand controls are unmodified and are continuously

3



Figure 2.- Cockpit of variable-stability helicopter. L-63%-8282

monitored by the safety pilot. Before engagement and after disengsgement of the
variable-stability system, the safety pilot flys the aircraft through the normal
system.

Variable-Stability System

The variable-stability system includes four identical independent axes -
piteh, roll, yaw, and collective pitch. A simplified signal-flow diagram is
shown in figure 3. Control inputs by the evaluation pilot produce electrical
voltages at the signal plugboard. The signal is operated on and shaped by the
equations in the analog computer. The resulting signal is routed back through
the plugboard to the electrical input servosystem (EISS). The basic function of
the EISS is to command a displacement of the control surfaces in direct corre-
spondence to its input voltage. The sensors feed back the subsequent helicopter
motions through the plugboard to the computer, where the actual motions are

L



compared with the commanded motions.
The safety pilot's control, being
mechanically linked to the control Analog
surfaces, moves in direct relation Tmpster
to the computer output. In the Ai[_—wr_' phaor o
event of a malfunction or other e
emergency the safety pilot can take — i%;
over control by either of two meth-

ods. The safety pilot can overpower
the EISS input with a 20-pound con-~ 1SS Control Helio | - censors
trol force or either pilot can dis- surface sopter
engage the EISS by pressing a button T

located on his center stick. The r——n" |

systems components are discussed in :ﬁﬁ?' —-

detail in the following sections. L_—d

o

Computing equipment.- The com- Figure 3.- Block diagram of variable-stability system.
puting equipment, which is shown to
the left of the signal plugboard in figure 4, comprises two PACE TR-10 analog com-
puters. The computers are slaved so that both are operated from either computer-
control panel. Sufficient computing elements are available for programing the
pitch, roll, yaw, and vertical degrees of freedom simultaneously. Nonlinear com-
ponents such as variable-diode-function generators and comparators are also avail-
able. The computers were shock mounted to avoid vibration.

Signal plugboard.- Details of the signal plugboard are shown in figure 5.
Qutputs from all sensors, in addition to pilot's outputs, are available on the
right side of the plugboard. The
ST e left side contains input jacks
5“?”222:9 % to the EISS. Five input jacks
u : are provided for each axis with
a gain potentiometer for each
input. Three of these potenti-
ometers are located on the plug-
board, and two are located on an
overhead panel in the cockpit
for added flexibility.

Electrical input servo-
system.- The EISS is a completely
transistorized system and weighs
less than 75 pounds including
actuators and wiring. As pre-
viously described, the basic
function of the EISS is the con-
version of d-c voltage inputs
(inputs to the left side of the
plugboard) to control-surface
displacements. Additional fea-
tures of the EISS are demon-

1-62-8262
Figure k.- Analog computing equipment and signal
plugboard. strated by way of the block
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diagram shown in figure 6. The sum
of the EISS inputs for a given axis

is fed into the limiting circuit.

This circuit limits the maximum
control-surface displacement which the
signal can command and is used prima-~
rily when exploring new configurations
and at the beginning of each flight
until satisfactory operation of the
system is ascertained. A canceling
network is provided in the EISS cir-
culit to prevent the possibility of
transient or steady-state inputs to the
actuator at the instant of engagement
of the system. Prior to engagement,
the relay remains closed and the can-
celing network continuously sums the
input to the actuator to zero, thereby
canceling any inputs to the EISS
actuator. The input to the actuator
is displayed to the pilot as a safety
measure. Upon engagement, the relay
antomatically opens and the canceling
network retains the value which it had
at the instant of engagement.

In order to determine the dynamic
characteristics of the overall EISS—
helicopter-control boost system,
frequency-response tests were run.
Sinusoidal signals were fed into the
EISS and the output was measured at
the control surface. The results of

these tests can be approximated by a quadratic system with a natural frequency
of 15 cps and a damping factor of 0.6. All the axes were essentially identical.

Sensors.- The main sensor package is shown in figure 7.

It includes instru-

ments to sense angular velocities, angular accelerations, and linear accelera-

tions relative to the principal inertial axes.

Finding a region of minimum

vibration was the primary consideration in the installation of this package.
When the linear accelerometers are used they are corrected for their displacement

from the center of gravity.

The angle-of-yaw and angle-of-
attack vanes and the airspeed
sensor shown in figure 8 are
mounted on a nose boom. The
boom-mounted sensors operate in
the free alrstream down to
approximately 25 knots. Below
this speed the vanes are
affected by the rotor downwash.

to EISS

6

Sum of inputs

s Limiting

To control

+ Summing EISS

ecircuit surface

amplifier actuator
Relay

Cancelling
network

Figure 6.- Block diagram of electrical input servo-

system (EISS).



Total head

fi Angle of attack

Static pressure

1-62-8064
Figure 7.~ Main sensor package
installation.

Figure 8.- Boom-mounted sensors.L-63-8281

All sensor outputs, except for the angular accelerometers, are *10 volts,
direct current, corresponding to full scale; the angular accelerometer outputs

are 12 volts.

DESCRIPTION OF SIMULATION TECHNIQUE

General

In an effort to obtain a maximum degree of accuracy and flexibility in the
simulation of aircraft dynamics, a computer model approach was adapted to the
variable-stability system. In its most elementary form, the model technique is
a simple closed-loop servosystem shown in figure 9. In response to the pilot
control input, the analog computer generates a signal proportional to the model
angular velocity éM' This signal is fed into the control system and the heli-

copter responds with an angular

o+ Error o Gontrol Heli~ °n

velocity éH‘ A signal propor- Pilot Analog
. . . . Py computer signal system copter
tional to -0y is summed with 6y _
to form an error signal E which s
drives the control system. (Error
signals generated from other
motion, e.g., attitude, may be
used; however, a rate error signal Figure 9.- Simplified model simulation technique.



is preferred in this application.) Whenever E # 0, the control system drives
in the direction necessary to force éH to equal éM' The key to an accurate

similation (i.e., maintaining E near zero) is for the gain on the error-signal
loop to approach infinity. The error-signal galn is defined as the angular
acceleration which the helicopter generates to cancel a unit error in angular

velocity [E é&T—gg—T— . It is noted, therefore, that E has as its unit 1/second
On - oM

and represents the reciprocal of the system time constant. For example, if

E = lO/second the helicopter response will lag the model response with a

1/10-second first-order time delay.

It should be noted that éM is a function of the pilot control input and

any other moments programed into the model. For example, directional stability
for operation above 25 knots (below which speed the yaw vane is operating in the
rotor downwash) is achieved by feeding a signal from the yaw vane into the yaw
axis of the model. In hovering flight, where some of the sensors become unreli-
able, simulated sensor outputs can be generated by the computer to provide inputs
to the model. Additionsl stability parameters which can be handled in this man-
ner include angle-of-attack stability, speed stability, dihedral effect, and the
like. Variations in these procedures may be utilized for conditions between
hovering and 25 knots, for example, by the use of ground-speed information.

From the standpoint of producing a truly realistic simulation, it is desir-
able to have turbulence disturb the model. In forward flight where air direction
and velocity-sensor inputs to the model are utilized, the correct disturbance is
automatically achieved. In hovering, where simulated sensor inputs are employed,
turbulence is not simulated directly; however, for the hovering and low-speed
cases turbulence can be generated artificially and fed into the model.

Development of Technique

The preceding discussion indicates the desirability of high gain on the
error signal. The error-signal gain 1s also indicative of the ability of the
system to resist or damp unwanted motion produced by external disturbances.

Unfortunately, as in other servosystems,
system instability limits the maximum gain
E = w/sec (model response) which can be achieved. In this particular
' ] application, amplification of vibrations
which are picked up by the sensors imposes
an additional gain limitagtion.

2 From the piloting standpoint, the most
adverse effect of a limited error gain is
0 N 2 5 . s the lag (first-order time delay) in the
Time, sec initial response following a control dis-
placement. Computer-generated time histo-
Figure 10.- Effect of error-signal gain ries presented in figure 10 illustrate the
on aireraft initial response to con- lag in the initial response corresponding
trol step input. to error-signal gains equal to 2/second

Angular velocity, radians/sec
=
o




and lO/second. The model response

(E = w/sec) shown is that of a Swmlgr__:— _}%ﬂ\\\
first-order system to a simulated Time | Lead network | .00 eration
step input. ]__‘_j s rj " zmmand
s + I

The lag in the initial : :_ _____ J' :
response following a control input : // i
can be eliminated by the inclusion i 4 I
of a lead network. The broken | //V Ld
lines in figure 11 show schemat- Pilot analog | O + Error J control Heli on
ically the relation of the lead ~omputer stgpel 't system copter
network to the system as a whole. h
By using a lead network, the con- o
trol system is forced to move
simultaneously with the pilot con-
trol j_npu_t_ Any' remaining lag Figure 11.- Addition of lead network to model
which still exists in the initial similation technique.

response is a function of the

helicopter control system. At any rate, this remaining lag is fairly typical of
what might be expected in any vehicle and probably contributes to a more realistic
simulation.

After the signal from the lead network has provided the desired initial
response, 1t has no useful purpose. It has been found that a more accurate simu-
lation can be obtained by removing this signal as a function of time. For
example, the shaping which the lead network performs on a step input is as shown
TS

in figure 11 and has a transfer function e

where T 1is the time constant

of the lead network and s 1s the Laplacian variable. The effectiveness of
the lead network in producing an accurate initial response is illustrated by
computer-generated time histories in figure 12.

Application of Technique

The error-signal gain was adjusted during hovering flight for each of the
axes. With the system engaged, the error-signal gain was slowly increased to
the maximum practical value. In the case
of the pitch axis, the maximum gain was
limited by control-system instability. At
a gain of approximately 1u.l4/second, the
pitch-control system began surging with a
self-sustained oscillation of approximately
1.5 cps. The gain was subsequently reduced

E = w/sec

E = 2/sec with lead

Angular velocity, radians/sec

E = 2/sec ulthout lead to a satisfactory value of 10.3/second.
o . ) 3 "’ s Changes were then made in the model dynamics
Time, sec and, as was expected, were found to have no

effect on the control-system stability.

Figure 12.- Effect of lead network
in eliminating lag in initial Increases in the gain for the roll and

response. yaw axes were limited, not by control-system

9



instability, but by vibration fed into control system by the angular-velocity
sensors. It is recalled that the angular-velocity sensors are in the error-
signal loop. Therefore, increasing the error-signal gain serves to amplify the
noise which is generated by the helicopter vibration. Isclation of the rolli-
and yaw-rate sensors from linear vibrations is under consideration. The error-
signal gain for the roll and yaw axes was limited to 5.5/second and E.h/second,

respectively.

The gain of the lead network is adjusted whenever the control sensitivity of
the model is changed in order to produce identical initial responses of the model
and the helicopter. The time constant T of the lead network was based primarily
on an optimization of the control-surface movement. A computer analysis was made
in which improvements in the response were weighed against the control-surface
motions which were commanded. It was found that large values of 1 resulted in
a great deal of control overshoot and subsequent hunting action following a con-
trol input. An optimum value of T for the lead network for all axes appeared
to be about 0.2 second, for which value the "lead" curve in figure 12 was

generated.

Theoretical calculations indicate that tuning of the lead network is impor-
tant if a low meximum error-signal gain and high inherent stability of the air-
craft occur in the same axis. Basically the tuning involves canceling only a
portion of the pilot's input to the lead network. This augments the noninfinite
error-signal gain in washing out the basic helicopter stability. Tuning was not
an important consideration in the present application.
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RESULTS
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(O Model response

[0 Helicopter response

o
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In-flight time histories shown in fig-
ures 13 to 15 illustrate the effectiveness
of this technique in pitch, roll, and yaw.
These time histories were obtained while
hovering; the circles on the top curve of
each figure represent the angular velocity
of the model in response to a control step
input which is represented by the circles
on the bottom curve of the figure. The . [l O Relitopier semtron systen

o

(
o
o

]
-
o

Yaw angular veloeity, radians/sec

1
-
[

~

square symbols on the top curve of each fig- P o motion Qb
ure represent the helicopter angular veloc- E “Egg on D
tiy as commanded by the model. The square - °

symbols on the bottom curve of each figure
represent the motion of the safety pilot's L 8 30
control which is driven by the computer
output and is indicative of the control-
surface motion. It may be seen from fig- s . ) )

ure 15 that even in the yaw axis, which has °
the lowest error-signal gain, the simla-

tion is fairly accurate.

Time, sec

Figure 15.- Comparison of helicopter yawing
. angular velocity response and commanded
In order to determine more fully the response for control input to model.

effectiveness of the simlation technique,

standard static directional stability tests

were made in level flight at 60 knots. This test is normally used to determine
the static directional stability of an aircraft, that is, its tendency to yaw
into the relative wind, and is performed in the following manner. The pilot
applies the necessary pedal control to sideslip the aircraft slowly, first in one
direction and then the other. The slope of the pedal-position—sideslip-angle
curve provides a measure of the static directional stability. In figure 16, the
results of such a test are shown with positive static directional stability in
the computer model. Calculations based on the slope of this curve indicate that
the desired stability was achieved within 3 percent. The scatter is caused in
part by the effect of turbulence both on the vane which senses sideslip, and on
the aircraft itself. The static directional stability of the basic helicopter,
which is both variable and slightly unstable, is shown for comparison in

figure 17.

During the course of research flight utilizing this technique, large changes
were successfully made in various stability and control derivatives, including
angular acceleration per inch of control motion, angular-velocity damping, and
several static-stability derivatives. No practical limitation in the simulation
equipment has yet been encountered for these quantities. It appears, therefore,
that the stability characteristics of a wide variety of aircraft types can be
simulated. A limitation does exist with respect to the maximum angular-
acceleration capability of the aircraft, which is given in the following table:

11
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Figure 16.- Apparent aircraft directional stability produced by
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Reference stable slope
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O Sideslip increasing to right
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Axis, radians/sec2 e+ s s+ o e 4 e e o o e o o « » Maximum angular acceleration

Pitch & ¢ 6 o o 6 o ¢ o o o o o o o 8 o s s e 4 e o s e e e 2 e 4w e e 1.7
5 o 0 0 1.3
YW ¢ ¢ o o o o o s o s o s o o s o s o 8 o s s s 8 e e e e e 4 4 e . .« 0.25

CONCLUDING REMARKS

A model-controlled simulation technique has been adapted to a relatively
sophisticated variable-stability helicopter for study of low-speed handling-
gualities requirements. The ability of the technigue to wash out the stability
of the basic helicopter and thus to command the computed response has been
demonstrated by step inputs while hovering and by static stability tests in
forward flight. Some lag problems were encountered because of certain limita-
tions on the maximum error-signal gain which could be achieved. However, these
problems were largely overcome by introduction of a lead network which produces
the correct initial response following control inputs. The results indicate
that the model technique does, in fact, provide a feasible, accurate, and flex-
ible approach to in-flight simuliation.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., October 17, 1963.
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